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CMOS COMPARATOR OUTPUT STAGE AND METHOD 



BACKGROUND OF THE INVENTION 

. The invention relates to CMOS circuitry, and more particularly to circuitry for 
eliminating shoot-through currents in complementary output stages of CMOS circuitry, and still 
more particularly to preventing shoot-through currents during switching of output stages of 
CMOS comparators. 

The output stages of CMOS comparators usually are designed using a complementary' 
CMOS inverter having large pull-up trzmsistors and large pull-down transistors. See the paper 
"A IMv Resolution, lOMs/s Rail-to-Rail Comparator in 0.5 um Low- Voltage CMOS Process", 
by R. RivoirandJ. Maloberti, IS CAS -97, pages 461-464. The input voltage of the CMOS 



inverter changes relatively slowly during switching because the rise times and fall times thereof 
are limited by the amount of current which can be supplied from the previous input stage to 
charge and discharge the large gate capacitances of the pull-up and pull-down transistors of the 
CMOS inverter. Consequently, there is a relatively large amount of time during which both the 
pull-up transistors and the pull-down transistors are simultaneously on. This causes large "shoot- 
through" currents to flow from the positive voltage supply rail through the simultaneously on 
pull-up and pull-down transistors to the negative voltage supply rail. The large shoot-through 
current increases the current consumption of the CMOS comparator circuit, which is especially 
significant for low-power CMOS comparators being operated at high switching speeds. The 
large shoot-through currents also generate noise and EMI that rriay adversely affect other 
circuitry that is coupled to the CMOS comparator. Large shoot-through currents in CMOS 
circuits also may cause undesirable noise in power line conductors supplying power to the 
CMOS circuits. , 

. Some prior art circuits utilize non-overiapping drivers circuits to drive the gates of the P- 
channel pull-up transistor and the N-channel pull-down transistor so as to prevent shoot-throuah 
currents, as shown in Fig. 9 of "Analog VLSI Design: of Multi-Phase Voltage Doublers with 
Frequency Regulation" by Fengjing Aiu, Janusz A. Starzyk and Ying-Wei Jan, 1999 Southwest 
Symposium on Mixed-Signal Design, pages 9-14. Other prior art circuits operate to provide a 
"dead time" between the switching off of one of the pull-up and pull-down transistors and the 
switching on of the other. 



For a long time there has been an unmet need for a simple, effective, inexpensive way of 
preventing shoot-through current in CMOS circuitry, especially CMOS comparators. 
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SUMMARY OF THE INVENTION 



Accordingly, it is an object of the invention to provide reduced shoot-through currents in 
an output stage of a CMOS comparator. 

It is another object of the invention to provide reduced shoot-through currents in a CMOS 

circuit. 

It is another object of the invention to provide reduced shoot-through currents in a CMOS 
power inverter circuit. 

It is another object of the invention to provide reduced EMI (electromagnetic 
interference) in a CiVlOS comparator circuit. ; 

It is another object of the invention to' reduce power line noise generated by shoot-through 
currents in CMOS circuitry. 

It is another object of the invention to reduce current consumption of CMOS switching 
circuitry. 

It is another object of the invention to reduce EMI caused by CMOS switching circuitry. 



It is another object of the invention to provide a CMOS comparator having reduced 
current consumption and noise caused by shoot-through currents. 

Briefly described, and in accordance with one embodiment thereof, the invention 
provides a CMOS circuit that includes a P-channel pull-up transistor (MP) and an N-channel 
pull-down transistor (MN), and also includes a first feedback circuit (6" or 13A) producing a first 
delayed signal (V^ or Vq^^) on the gate of the pull-down transistor (MN) to him on the pull-down 
transistor (MN) a first predetermined' amount of time after the pull-up transistor (MP) is turned 
completely off, so as to prevent any shoot-through current from flowing through the pull-up 
transistor (MP) and the pull-down transistor (MN). Th^e CMOS circuit also includes a second 
feedback circuit (4 or 14A) producing a second delayed signal (V5 or V^j^tp) on the gate of the 
pull-up transistor (MP) t6 turn on the pull-up transistor (MP) a second predetermined amount of 
time after the pull-down transistor (MN) is turned' conipletely off, so as to prevent any shoot- 
through current from flowing through the pull-up transistor (MP) and the pull-down transistor 
(MN). 

In one erribodiment, the invention provides a CMOS circuit including a P-channel pull-up 
transistor (MP) and an N-channel pull-down transistor (MN), a P-channel first transistor (Ml) 
having a source coupled to a first supply voltage (V-r) and a gate coupled to a first input terminal 
(2A) for receiving a first input current (Ii„i), .and an N-channel second trarisistor (M2) having a 
source coupled to. a second supply voltage (V-) and a gate coupled to a second input terminal 
(2B) for receiving a second input current (Ij^). A P-channel third transistor (MIA) has a source . 
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coupled to the first supply voltage (V^). a gate coupled to the first input terminal (2A). and a 
drain coupled to a gate of the pull-up transistor (MP). An N-chamiel fourth transistor (M2A) has 
a source coupled to the second supply voltage (V-) and a gate coupled to the second input 
terminal (2B). A first feedback circuit (13A) has an input coupled to the gate of the pull-up 
transistor (MP) and an output coupled to a gate of a P-channel fourth transistor (M3) having a 
source coupled to a drain of the first transistor (Ml) and a drain coupled to a gate of the pull- 
down transistor (MN) and a drain of the second transistor (M2). A second feedback circuit (14A) 
has an input coupled to the gate of the pull-down transistor (iVIN) and an output coupled to a gate 
of an N-channel sixth transistor (M4) having a source coupled to a dram of the fourth transistor 
and a dram coupled to the gate of the pull-up transistor (MP). The first feedback circuit (13A) 
produces a first delayed signal (V,3) on the gate of the fifth transistor (M3) which causes the fifth 
transistor to turn on the pull-down transistor (MN) a first predetennined amount of time after the 
pull-up transistor (MP) is turned completely off. so as to prevent any shoot-through current from 
flowing through the puU-up transistor (MP) and the pull-dovvn transistor (MN). The second 
feedback circuit (14A) produces a second delayed signal (V,,) on the gate of the sixth transisror 
(M4) which causes the sixth transistor to turn on the pull-up transistor (MP) a second 
predetermined amount of time after the pull-down transistor (MN) is turned completely .off. so as. 
to prevent any shoot-through current from flowing through the pull-up transistor (MP) and the 
pull-down transistor (MN): In this descnbed embodiment, the first (I,. J and second (U input 
currents are produced by a differential folded cascode stage of a differential input stage of a 
CMOS comparator circuit. 
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In one described embodiment, the first feedback circuit (13A) includes a first CMOS 
inverter (13), a first current source (II) coupled between the first CMOS inverter (13) ahd the 
second supply voltage (V-), an input coupled to the gate of the pull-up transistor (MP), and an 
output coupled to the gate of the fifth transistor (M3). The second feedback circuit (14A) 
includes a second CMOS inverter (14), a second current source (10) coupled between the second 
CMOS inverter (14) and the first supply voltage (V-f), an input coupled to the gate of the pull- 
down transistor (MN), and an output coupled to the gate of the sixth transistor (M4). In one 
described embodiment, the first CMOS inverter (13) includes a P-channel seventh transistor 
(MPl) having a source coupled to the first supply voltage (V-^) and an N-channel eighth 
transistor (M5) having a drain coupled to the drain of the seventh transistor (MPl) and a source 
coupled to the first cuaent source (II). The second CMOS mvener (14) includes an N-channel 
ninth traiisistdr (MNl) having a.source coupled to the second supply voltage (V-) and a P- 
channel 10th transistor (M6) having a drain coupled to the drain of the ninth transistor (MNl) 
and a source coupled to the second current source (10). 

■ . • In another embodiment, the invention provides a meihtd of preventing, shoot-through 
currents in a CMOS circuit including a P-channel pull-up irinsistdr (MP) and an N-channel pull- 
down transistor (MN), by providing a first feedback circuit iS or 13 A) having an input coupled to 
a gate of the pull-up transistor (MP) and an output coupled :o a gate of the pull-down transistor 
(MN), and a second feedback circuit (4 or 14A) having an input coupled to the gate of the pull- 
down transistor (MN) and an output coupled to the gate of Lie pull-up transistor (MP). A first 
delayed signal (V-^ovVq^q^) is produced on the gate of the pull-dow-n transistor (MN) in response 



to a first signal (V, or V^^^) on the gate of the pull-up transistor (MP) by means of the first 
feedback circuit (6 or 13 A) to turn on the pull-down transistor (MN) a first predetermined 
amount of iime after the pull-up transistor (MP) is turned completely off so as to prevent any 
shoot-through current fi-qm flowing through the pull-up transistor (MP) and the pull-down 
transistor (MN). A second delayed signal (V^ or V^mp) is produced on the gate of the pull-up . 
transistor (MP) in response to a second signal (V, or V^.^) on the gate of the pull-down 
transistor (MN) by means of the second feedback circuit (4 or i4A) to turn on the pull-up 
transistor (MP) a second predetermined amount of time after the pull-down transistor (MN) is 
turned completely off so as to prevent any shoot-through current from flowing through the pull- 
up transistor (MP) and the pull-down transistor (MN). The first signal (V^ or is. produced 
on the gate of the pull-up transistor (MP) in response to a transition of an input.signal to a first 
level, and the second signal (V^ or V^^^) is produced on the gate of the pull-down transistor 
. (MN) in response to a transition of the input signal to a second level. 
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BRIEF DESCRIPTIQN OF THE DRAWINGS 



Fig. 1 is a generalized schematic diagram of a CMOS output stage of the present 
invention. 

, Fig. 2A is a detailed schematic diagram of a CMOS comparator output stage according to 
the present invention. 

Fig. 2B is a detailed schematic diagram essentially identical to that of Fig. 2A except that " 
its two input terminals are short-circuited together. 

Fig. 3 is a simplified schematic diagram of the CMOS comparator output stage of Fig. " 

2A. _ ■ ' / . 

Fig. 4 is schematic diagram of a CMOS comparator circuit including the output stage of 
Fig. 2A. . 

• Fig. 5 A is a timing diagram showing waveforms for Vj and. V7 in Fig. 1 . 
Fig. 5B is a timing diagram showing waveforms for V,, V,, , V,^ , Vgj,tp and in Fig. 2. 



DETAILED DESCRffTION OF THE PREFERRED EMBODIMENTS 



Referring to Fig. 1, a CMOS output stage 1 receives an input V^^ on conductor 2 from an 
input stage. Conductor 2 is connected to one input of a two-input OR gate 4 and also to one 
input of a two-input AND gate 6. The output of OR gate 4 is connected by conductor 5 to the 
gate of the P-channel pull-up output transistor MP and also to the other input of AND gate 6. A 
voltage Vj is conducted by conductor 5. The output of AND gate 6 is connected by conductor 7 ■ 
to the gate of an N^channel pull-down output transistor MN and also to the other input of OR 
gate 4. A voltage is conducted by .conductor 7. The source of pull-up transistor MP is 
connected to a positive supply voltage V>, and the drain Of pull-up transistor MP is connected to 
an output conductor 3 on which an output voltage Vqlt is produced. The source of pull-down 
transistor MN is connected to a low supply voltage and the drain of pull-down transistor MN 
is connected to output conductor 3. 

In operation, the gate voltage of pull-down transistor MN on conductor 7- can be 
considered to be an indicator of whether or not any current is flowing in pull-down transistor 
MN. Therefore, if there is a current in pull-down transistor MN of CMOS output stage .1, then ^ • 
the voltage of pull-down transistor MN exceeds the its threshold voltage because a "1" is 
being maintained on conductor 7 by AND gate 6, The "1" on conductor 7 is fed back to one 
input of OR gate 4, causing it to produce a 'T.' level of V5 on conductor 5. The "1" level on 
conductor 5 continues to prevent pull-up transistor MP from being turned on, irrespective of the 
value of Vij^ Thus, the local feedback provided by OR gate 4 from the gate of pull-down 
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transistor MN to the gate of pull-up transistor MP prevents pull-up transistor MP from being 
turned on if there is current present in pull-down transistor MN, and therefore prevents shoot- 
through current from V-i- to V- through transistors MP and MN irrespective of the value of\-^. 

Similarly, if there is a current in pull-up transistor MP, then the V^s voltage of pull-up 
transistor MP exceeds its threshold voltage because a low "0" voltage level is being maintained 
on conductor 5 by OR gate 4. That "0" level on conductor 5 is fed back to an input of AND gate 
7, which results in a low "0" voltage level being applied by conductor 7 to the gate of pull-down 
transistor MN, keeping it off irrespective of the value of Vi>,- Thus, the local feedback provided 
by AND gate 6 from the gate of pull-up transistor MP to the gate of pull-down transistor MN 
prevents pull-down transistor MN from being turned on if there is current present in pull-up 
transistor MP, and therefore prevents shoot-through current from V+ to V- irrespective of the 
value of Vi>^.. (Note that increasing to a high level forces OR gate 4 to produce a high value 
of V5 which turns off pull-up transistor MP, and siniilarly, decreasing V5 to a lowjevel forces 
AND gate 6 to a low level which turns pull-down transistor MN off.) 

The waveforms shown in Fig. 5A also illustrate the operation of the output circuit 1 of 
Fig. 1, AND gate 6 is designed so that as increases along segment A in Fig. 5 A, its output • 
does not switch to a high level until V5 has nearly reached its maximum "1" level at a time 
indicated by dashed line B. At that point, the output of AND gate 6 -switches, as indicated by 
segment C of the waveform. Similarly, OR gate 4 is designed so that as V7 falls as indicated 
by segment D of the V; waveform, OR gate 4 does not switch until V7 along segment D nearly 



reaches its minimum "0" level at the time indicated by dashed line E, at which time OR gate 4 
switches as indicated by segment F of the waveform. Note that the times represented by the 
vertical dashed lines Be can be readily established by the transfer characteristics of AND gate 6 
and OR gate 4: 

Fig. 2 A shows a schematic diagram of another CMOS output stage 1 A which is adapted 
to receive the current output signals and l^^ produced by folded cascode circuitry of a . 
differential CMOS comparator input stage (as shown in Fig. 4). 

linj can be modeled as a first current source that represents one output of a differential 
folded cascode circuit of an input stage, and is applied via conductor 2 A to the gate of a P- 
channel transistor M l having its source connected to V-f- and also to the gate of the P-channel 
transistor MIA having its source connected to V+. 

Similarly, l^^ can be modeled as a second current source that represents the other output 
of the differential folded cascode circuit. The drain of transistor Ml is connected to the source 
of a P-channel transistor M3. The drain of transistor M3 is connected to the gate of an N-channel 
pull-down transistor MN, the gate of an N-channel transisiorMNl, the gate of a P-channel . 
transistor M6, and the drain of an N-channel transistor M2. The voltage on the gate of pull-down 
transistor jVIN is ^q^^. The sources of transistors M2 and MN are connected to V-. 

The gate of transistor M3 is connected to the drains of a P-channel transistor MP Land a 
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N-channel transistor M5 which comprise a first CMOS inverter 13. The voltage applied to the 
gate of transistor M3 by CMOS inverter 13 is V13. The source of transistor MP 1 is connected to 
V+, and its gate is connected to the gate of transistor M5, the drain of transistor MIA, the gate of 
a P-channel pull-up transistor MP, and the drain of an N-channel transistor M4. The voltage on 
the gate of pull-up transistor ^^IP is VQj^fp. The source of transistor M5 is connected to one 
terminal of a current source II, the other terminal of which is connected'to V-. The source of 
pull-up transistor MP is connected to V-r, and its drain is connected to Vq^^ conductor 3. The 
source of transistor M4 is connected to the drain of transistor M2A.The drain of transistor M6 is 
connected to the drain of transistor MNI and to the gate of transistor M4. 

Transistors M6 and MNI comprise a second CMOS inverter 14, the output of which . 
produces the voltage V1.4 on the gate of transistor M4. The voltage applied to the gate of 
transistor M4 by the output of CMOS inverter 14 is V^^. The source of transistor M6 is 
connected to one teitninal of a constant current source 10, the other terminal of which is 
connected y+. 

A class AB control circuit can be coupled between conductors 2A and 2B to substantially 
increase the speed of a circuit (such as a CMOS comparator) that includes CMOS output stage 
lA. , 

Fig. 2B shows a CMOS output stage IB which is identical to the one shown in Fig. 2A 
except that the gates of transistors Ml and M2 are connected directly to an input conductor 2 
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conducting a voltage Vi„. • . 

In operation, I^^j can be less than, equal to, or greater than I^^,, depending on the value of 
an input voltage Vj„ = V-^^ - V-^_ being applied to an input stage (Fig. 4) that generates andl^^,. 
Under static conditions, a current equal to. the difference between Ij^, andl^^ flows through an 
optional class AB control circuit 9 as shown in Fig. 4, subsequently described. 

If exceeds Iij^2, then the voltages on.conductors 2A and 2B increase, transistors Ml and 
Ml A are turned off, and at the same time transistors M2 and M2A are turned on. Thus, 

transistor M2 is turned on, and the voltage on the gate of pull-down transistor MN goes lower, ^ 

* 

turning off pull-down. transistor MN. The falling voltage applied to the gates of transistors MNl 
.and MN to turn them off also turns transistor M6 on, so the current 10 flows through transistor 
M6 and charges up the capacitance associated with gate of transistor M4. Since transistor MIA ' 
is already off, pull-up transistor MP. is turned on after the delay that is required for the current 10 
to turn transistor M4 on. . . . ■ 

Similarly, if I^^i is less thanl^^, then the voltages on conductors 2A and 2B decrease. This 
tums'transistors M2 and M2A off, iand at the same time turns transistors Ml and MIA on. As 
transistor Ml A turns on, this increases the gate voltage of transistors MP and MPl,;so transistors 
MP and MP 1 are turned off, and transistor MS is turned on. After the delay required for the 
current II to discharge the capacitance associated with gate of transistor M3, and hence after 
pull-up transistor MP is turned completely off, transistor M3 is turned on. This increases the gate 
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voltage of pull-down transistor. MN, turning it on only after pull-up transistor MP is 
completely turned off. 

The above operation can be funher understood by reference to the waveforms of Fig. 5B 
for the output circuit IB of Fig. 2B, which has the voltage waveform applied directly to the 
gates of transistors Ml and M2. Except for V^, the waveforms of Fig. 5B are equally applicable 
to the output stage 1 A of Fig. 2 A. ' . 

Referring to Fig. 5B, as V2 begins to increase along segment A of the V, waveform, 
transistor M2 begins to turn on at a time indicated by dashed line B, pulling Y^^^^^ toward a "0" 
level, as indicated by segment C of the Vq^jj^ wayefomi. Transistor M6 turns on at a time 
indicated by dashed hne D, causing the output V,^ of CMOS inverter 14 to rise, as indicated by 
segment E of the V,4 waveform. The slope of segment E is determined by the value of the current 
10 and the parasitic capacitances associated with the gate- of transistor M4. As V,^ increases, it 
begins to turn transistor M4 on at a time indicated by dashed line F. This causes V^^^p to 
decrease, as indicated by segment G of the Vcv,? waveform. (Also, the decreasing of Vcmp causes 
the output Vjj of CMOS inverter 13 to begin to increase at a time H, as indicated by segment I of 
the y 13 waveform.) 

Similarly, when begins to decrease as indicated by segment P of the waveform, 
transistor MI A begins to turn on at the time indicated by dashed line Q, causing V^^^p to increase, 
as indicated by segment R of the Vq^u, waveform. That turns on transistor M5 at a time indicated 

.15 ■ 



by dashed line S, which causes the output ¥,3. of CMOS inverter 13 to decrease at a rate 
determined by the current II and, the capacitances associated with gate of transistor M3, as 
indicated by segment T of the ¥,3 waveform. At a time indicated by dashed line U, transistor M3 
begins to turn on, causing Vq^^ to rise as indicated by segment V of the V^j^^^^ waveform. (Also, 
^cm reaches a "T* level, at the time indicated by dashed line W, transistor MNl begins to turn 
on, causing the output V,^ of CMOS inverter 14 to begin to decrease, as indicated by segment X 
of the waveform.) 

The tinies at which the vertical dashed lines B, D, F, H, Q, S, U and W occur can be . 
readily established by designing the transfer characteristics of CMOS inverter 13 and 14 and the 
associated circuitry in Figs. 2A and 2B. 

Fig. 3 shows a more generalized schematic diagram of the CMOS output stage lA of Fig. 
2 A wherein the functions of CMOS inverters 13 and 14 can be more readily recognized. More 
specifically, the combination of CMOS inverter 13 and constant current source II connected in 
series between V-h and V- as shown provides a feedback circuit 13 A that produces a delay 
between the time that pull-up transistor MP tums off and the time that pull-down transistor MN 
turns on. Similarly, the combination of CMOS invener 14 and constant current source 10 
connected in series between V-h and V- as shown provides a delay circuit 14A which produces a 
delay between the time that pull-down transistor MN tums off and pull-up transistor MP tums 
on. Typically, the delay produced by feedback circuit 1 3 A and 14A is roughly 5-20 ns 
(nanoseconds). The relatively low values of currents 10 and II effectively limit the amount of 
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shoot-through currents in CMOS inverters 13 and 14, in addition to creating the delay that ^ 
prevents shoot-through currents in pull-up transistor MP and pull-down transistor MN. Note that 
transistor M3 can be considered to be a part of feedback circuit 13 A, and similarly, transistor M4 
can be considered to be a part of feedback circuit 14A. 

5 Fig. 4 is a schematic diagram of a CMOS comparator circuit 10 including a differential 

input stage, a folded cascode stage, a class AB control circuit, and also including the CMOS 
output stage 1 A of Fig. 2 A. CMOS comparator 10 appHes an input signal Vin = VinH- - Vin- 
■ . between the gate of a P-channel input transistor M21 and the gate of a P-channel input transistor 
. M20. The sources of input transistors M21 and M22 are coupled by a tail current source 23 to 

10 V+. The drain of input transistor M21 is connected by conductor 16 to the source of an N- 

channel cascode transistor M25 and to the drain of an N-channel load transistor M23 having its 
source connected to V-. Similarly, the drain of input transistor M20 is connected by conductor 
17 to the source of an N-channel cascode trarisistor M24 and the drain of an N-channel load 
transistor M22, the source of which is connected to V-. The gates of cascode transistors M24 and 

1 5 M25 are connected to a reference voltage Vj^p. The drain of cascode transistor M24 is coupled 
to V+ by a constant current source 24, and also is connected to the gates of load transistors M22 
arid M23. The drain of cascode transistor M25 is connected by conductor 2B to one terminal of ■ 
optional class AB control circuit 9 and to one input of CMOS output stage 1 A of Fig. 2 A. The 
other terminal of class AB control circuit 9 is cormected by conductor 2 A to one terminal of 

20 constant current source 25 and to the other input of CMOS output stage 1 A. Cascode transistors 
M24 and M25, load transistors M22 and M23, and constant current source is 24 and 25 comprise 
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a typical differential folded cascode stage. (The details of class AB control circuit 9 are well- 
known to those skilled in the art, as evidenced by reference numeral 20 in Fig. 1 of U.S. patent 
No. 5,3 11, 145 issued May 10, 1994 to Huijsing et al.) 

Current source 25 in Fig. 4 functions as the current source I^^, shown in Fig. 2A, and 
. cascode transistor M25 and load transistor M23 in Fig. 4 together function as the current source 
Iin2 shown in Fig. 2A. 

The above described embodiments of the present invention prevent shoot-through . 
currents in complementary CMOS output transistors of a CMOS output stage by,providing local 
feedback circuitry that prevents switching on of either one of the complementary output 
transistors while the other is tumed on. The elimination of the shoot- through currents results in 
reduced current consumption of the CMOS output stage and a CMOS comparator including it, 
especially at high switching fates. The elimination of shoot-through currents also reduces EMI 
and other noise. 

The connection of class AB control circuit 9 between conductors 2A and 2B instead of. 
short-circuiting them together greatly increases the speed of the CMOS comparator of Fig. 4, 
because otherwise a large amount of time would be required for the relatively small currents 
produced by the differential input stage to charge and recharge the relatively large parasitic 
capacitances associated with conductors 2A and 2B through the 2-3 volt swings (transitions) 
typically required to switch output stage 1 A. , In contrast, embodiments of invention utilizing 
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class AB control circuit 9 only require the currents produced by the differential input stage to 
charge the parasitic capacitances enough to cause conductors 2 A and 2B to swing through" a 200- 
300 millivolt swing in order to switch the output stage. 

While the invention has been described with reference to several particular embodiments 
thereof, those skilled in the art will be able to make the various modifications to the described 
embodiments of the invention without departing from the true spirit and scope of the invention. 
It is intended that all elements or steps which are insubstantially different or perfoim 
substantially the same function in substantially the same way to achieve the same result as what 
is claimed are within the scope of the invention. For example, the invention also is more 
generally applicable to eliminating shbot-through currents iji any pair of complementary CMOS 
transistors coupled between two supply voltages. If the input . terminals 2;A and 2B are shorted 
together as- in Fig, 2B, a folded caseode.ltage be used to produce the signal Vi„ on conductor 2. 
The described technique also.can be utilized were both.the pull-up transistor and the puH-down 
transistor art of the same channel type, • ' , ' 
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